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ABSTRACT 


I sampled spine length in the keystone Carnegiea gigantea (Engelm.) Britton & Rose in two northern 
Sonoran Desert populations where this species is ultimately limited by cold temperatures. I compared spine 
length (1) between two sites, (2) on north versus south facing sides of plants, (3) by level of shading, (4) by 
proximity to other potential conspecific competitors, and (5) by presence near sources of surface runoff from 
which all their water is obtained. Spine length increases, providing thermal protection and reducing 
photosynthesis, where temperature is more extreme (winter and summer) and where conditions are more xeric. 
The difference in spine length by direction on plant was much smaller at the more extreme site. Clumped 
plants that necessarily had increased competition for water but also greater shading were split; at the more 
extreme site, greater spine shading occurred where water competition was fiercest, while at the less extreme 
site, greater shading occurred in association with sunlight rather than water. 
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The benefits of spines are extensive and cacti invest 
substantial resources to produce them (e.g., Nobel 
1988). Our understanding of the function of spines, 
particularly with regard to climate, is still limited 
(Steenbergh and Lowe 1983). A variety of explana- 
tions have been offered for the purpose of cactus 
spines. Benefits include protecting water stores from 
animals (e.g., Stelfox and Vriend 1977, Steenbergh 
and Lowe 1983), elevating loose cladodes above the 
hot ground surface (Nobel et al. 1986), water 
absorption (see Nobel 1983), and protecting the 
apical meristem from winter freezes by elevating 
minimum temperatures (Lewis and Nobel 1977, 
Nobel 1980a, Nobel and Bobich 2002). Spine length 
and density are related to climate conditions, with 
increases in length and density observed in a species 
in more extreme climates and microsites (Yeaton et 
al. 1980, Nobel 1980b). Cactus surface temperatures 
are more moderate on spine-covered ridges than on 
the unspined furrows (Drezner 2011). Spines reflect 
solar radiation and provide stem shading, reducing 
maximum surface temperatures in summer (Lewis 
and Nobel 1977, Nobel 2002). However, spines 
reduce photosynthesis by reducing CO, uptake 
(Nobel 1977, Lewis and Nobel 1977), which decreas- 
es productivity and may be disadvantageous (Nobel 
1983), including slowing growth (Nobel 1988). 

The keystone cactus Carnegiea gigantea (Engelm.) 
Britton & Rose (Cactaceae, saguaro), provides food, 
shelter and other benefits to over 100 documented 
species (Drezner 2014). Carnegiea suffers widespread 
mortality in the colder portions of its range during 
periodic severe freezing events (Niering et al. 1963), 
which determine the northern edge of their range 
(Shreve 1911, Steenbergh and Lowe 1977, 1983). 
Columnar cactus morphology reflects climatic vari- 


ations such as increases in diameter with winter 
rainfall (Drezner 2003a), and narrower stems where 
winters are relatively warm (Cornejo and Simpson 
1997). Ribs are more closely spaced and furrows 
deeper on the south sides of Carnegiea plants 
compared to north sides (Yeaton et al. 1980). 
Carnegiea ranges further north than Pachycereus 
pringlei (S. Wats.) Britton & Rose, Lophocereus 
schottii (Engelm.) Britton & Rose, and Stenocereus 
thurberi (Engelm.) Buxb., and averages greater spine 
shading than these taxa (Geller and Nobel 1986). 
Carnegiea gigantea apical spine shading increases 
with latitude from about 9% at 30.5°N to about 41% 
at 35°N latitude (Nobel 1980b). Spines and pubes- 
cence protect meristematic tissue extending the range 
of Carnegiea and other columnar cacti northward 
(Nobel 1980a, b). Stem shading by spines increases 
with elevation for other cacti such as Cylindropuntia 
acanthocarpa (Engelm. & J. M. Bigelow) F.M. Knuth 
(Nobel and Bobich 2002). While variations in spine 
morphology may be genetic, the variability observed 
even over small distances (e.g., Yeaton et al. 1980) 
suggests that phenotypic plasticity in spine length 
likely reflects changes in local environmental condi- 
tions. The importance of such morphological adap- 
tations will increase with climate warming and range 
readjustments. 

The purpose of this study is to assess spine length 
at a given site across a variety of microenvironmental 
conditions, i. e., shade, proximity to competing 
individuals, presence near surface water (runnels) 
and north versus south sides of plants, to assess 
variation in spine length in two different populations. 
Differences in spine length associated with surface 
water, shade, orientation and proximity to conspe- 
cifics will be compared in a dry, more sparse 
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Locations of the two study sites, Kofa and UM, along with the meteorological stations used (the Quartzsite station 


is about 16 km from Kofa, Bartlett Dam is about 37 km from the UM site). The dashed line represents Carnegiea’s entire 
United States range. The location of Organ Pipe Cactus National Monument is provided for reference (OP). Physiographic 
regions (Basin and Range, Transition, Colorado Plateau) from Rasmussen (2006, and references therein). 


population in the west and in a wetter and more 
vegetatively lush population in the eastern Sonoran 
Desert to determine regional variation. Intraspecific 
competition for water and proximity to surface water 
channels are important as they represent the avail- 
ability of water in a xeric ecosystem. 


MATERIALS AND METHODS 


Study Sites 


The Kofa site (33.534°N, 114.165°W) is west of the 
western boundary of the Kofa National Wildlife 
Refuge at an elevation of 400 m above sea level, in 
the Lower Colorado River Valley subdivision of the 
Sonoran Desert (Shreve 1951, Turner and Brown 
1994, Fig. 1). The Usery Mountains (UM, 33.487°N, 
111.612°W, elevation about 650 m) are part of the 


Arizona Upland subdivision of the Sonoran Desert 
(Shreve 1951, Turner and Brown 1994). The northern 
Sonoran Desert, where both populations are found, 
exhibits an east to west gradient in elevation 
(decreasing towards the Colorado River to the west), 
which is intertwined with a precipitation gradient 
(higher precipitation totals to the east) and a pH 
gradient (lower pH to the east) among other soil 
gradients over the region (Medeiros and Drezner 
2012). Both sites are topographically flat (Kofa about 
1.2%, UM about 3.0%; Drezner 2003a). 

Data for the Quartzsite meteorological station 
(#026865) near Kofa (Fig. 1) show that minimum 
temperatures in January average 2.7°C, while the 
Bartlett Dam meteorological station (#020632) near 
the UM site shows that minimum January temper- 
atures average 4.6°C. By comparison, mean maxi- 
mum July temperatures are 42.7°C near Kofa and 
40.6°C near the UM «site. The Sonoran Desert 
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TABLE 1. Statistical results and means. Sample size (n) for 
each t-test is given along with the mean length (mm) of the 
spines in that group (L), and the standard deviation (SD). 
The two sites are the Usery Mountains (UM) and Kofa 
sites. Other abbreviations include: north (N) and south (S) 
facing spines on the plant, and all north and south facing 
spines together (all spines). Other groupings include plants 
with other plants in close proximity (Clump), and those 
without nearby competitors for water (No Cl), high and low 
shaded plants, and plants in runnels, and not accessing 
runnels (No Run). 


Site Variable n L SD P 


Between-site comparisons (t-tests) 


UM __ S facing spines 5] -678 MHR 

Kofa S facing spines Sb GLO uS 0.74 

UM N facing spines St GE? TOI 

Kofa N facing spines SP 9663 A06 0.0495 

UM all spines 102 64.5 11.4 

Kofa all spines HO2 -66.2 PrO 0.29 
Within-site comparisons (paired t-tests) 

Kofa N facing spines 5I 653 0.6 

Kofa S facing spines ol 670 115 0.19 

UM N facing spines SI GL3 W1 

UM S facing spines S ors Tis SOOT 
Within-site comparisons (t-tests) 

Kofa Clump — l6 W7 m 

Kofa No Cl oo €l WI 0.029 

UM Clump W 570 95 

UM NoCl 86 659° TL2 <0 

Kofa High Shade 2 £652 13a 

Kofa Low Shade 70 76.3 OW 022 

UM High Shade w 6 123 

UM Low Shade 64 65.0 10.9 055 

Kofa Runnels 60 65.4 11.8 

Kofa No Run 42 67.2 9.8 0.43 

UM Runnels 54 62.0 ay 

UM No Run 48 67.4 12.6 0.017 


receives rainfall from extratropical cyclones in winter 
while monsoon-driven convective thunderstorms 
provide rainfall in summer (Carleton 1986, 1987, 
Sheppard et al. 2002). Mean January, July, and 
annual rainfall are 13 mm, 12 mm, and 128 mm, 
respectively in Kofa and 40 mm, 28 mm, and 341 
mm, respectively, in the Usery Mountains. Thus, the 
climate in Kofa is cooler in winter, hotter in summer, 
and more arid than the Usery Mountains. The 
vegetation reflects these climate differences, with 
7% vegetation cover at Kofa compared with 31% in 
the Usery Mountains (Drezner 2003b). There are 22 
Carnegiea per ha at the Kofa site and 60 Carnegiea 
per ha at the UM site (Drezner 2006). 


Field Methods 


Collection was limited to plants between 2-4 m in 
height because spines shorten over time due to 
abrasion (Yeaton et al. 1980). Because spine shading 
decreases with stem height (Nobel 1980a), results 
would be biased and unreliable if the full height 
spectrum was used. At each site, collection began 
with the first arbitrary plant and continued to each 
Carnegiea individual encountered after (1 = 51 at 
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each site). Following Yeaton et al. (1980), the longest 
(typically central) spine was measured on each plant 
at a height of 1.5 m on the north facing side and then 
on the south side. If the Carnegiea individual was in 
close proximity to at least one other cactus where 
some competition for water and/or root interaction 
would occur, a clump designation (=yes) was 
assigned to those plants. Assessment criteria included 
distance to the proximal cactus relative to plant 
height, as Carnegiea roots extend laterally away from 
the plant as far out as the plant is tall (Cannon 1911). 
Because of the natural clumped distribution of the 
species resulting from establishment around nurse 
plants, such identifications are typically clear. Be- 
cause Carnegiea derive all their water from surficial 
sources (McAuliffe 1984, McAuliffe and Janzen 
1986), plants were classified as in a runnel (area of 
concentrated surface runoff) thus gaining access to 
greater amounts of water, or on the intervening area 
(=no runnel). Degree of shading of the plant was 
assessed as little to no shade (low), and moderate to 
high (high) shade. This distinction between high and 
low shade was made in the field. Plants with large 
nurses or proximal vegetation blocking substantial 
light were classified as high shade. 


Statistical Methods 


The Shapiro-Wilk test was used to ascertain which 
variables deviated significantly from a normal 
distribution. Three t-tests were used to compare 
south-facing spines between the two sites, north- 
facing spines between the two sites, and all spines 
between the two sites (Table 1). Next, paired t-tests 
assessed any difference in length of north- versus 
south-facing spines at Kofa, and then repeated for 
the Usery Mountains. North and south aspect data 
were combined and t-tests were run to assess 
differences in spine length for clumped plants and 
plants not proximal to other potentially competing 
cacti (repeated for both sites). T-tests were run for 
low and high shade plants, and then for plants in and 
out of runnels at each site. The correlated Bonferroni 
technique was applied to the results to correct for 
type I errors associated with running multiple tests 
(Drezner and Drezner 2016). 


RESULTS 


Results of the Shapiro-Wilk normality tests 
showed that Kofa-north, Kofa-south, and UM-south 
did not deviate from normality at P < 0.05, and UM- 
north at P < 0.01. At the UM site; spies were 
significantly longer to the south (north: 61.3 mm, 
standard deviation [SD] of 10.1 mm, south: 67.8, SD 
11.8, P < 0.0001). Clumped plants at UM had 
shorter spines (57.0, SD 9.5, unclumped 65.9, SD 
11.2, P = 0.0037), and plants in runnels had shorter 
spines (62.0, SD 9.7 in runnels, 67.4, SD 12.6 outside 
of runnels, P = 0.0169, Table 1, Fig. 2). At Kofa, 
clumped plants had longer spines (71.7, SD 14.2) 
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FIG. 2. Mean and standard errors of selected results including spine length (in mm on y-axis) comparing north (N) and 
south (S) sides of plants, plants in close proximity to other plants (Clump), and plants without potentially competing cacti 
nearby (No Cl), as well as comparing spine length on plants in and out of runnels (Runnel, No Run). 


than*unchimped plants (650, SD"1071, P =01029); 
and north-facing spines at Kofa (65.3, SD 10.6) were 
lönger'thamthoseatthe WN site(61 .3,SD10.12P— 
0.0495). The correlated Bonferroni technique con- 
firmed that all the results are statistically significant 
(Table 1). 


DISCUSSION 


Because Carnegiea apical spine shading increases 
to their northern range boundary, phenotypic 
plasticity in spine expression has been suggested 
(Nobel 1980b, Nobel 2002). Spines create a boundary 
layer around the plant, which moderates tempera- 
tures (Lewis and Nobel 1977, Drezner 2011). At the 
UM site, I found that south-facing spines were longer 
than north-facing spines (with the same trend at 
Kofa, though not significant). Plants also retain 
south, sun-facing spines more (Evans et al. 1994). 
Yeaton et al. (1980) found north-south differences in 
spine length only on slopes (versus topographically 
flat populations), which they attributed to greater 
water stress. However, Carnegiea can have faster 
growth rates on slopes than in topographically flat 
populations, which are associated with greater water 
uptake (Donnermeyer and Drezner 2012), so this 
assertion is variable. 

Spine lengths are highly variable across and within 
populations. Compared to other published informa- 
tion, the variability in length observed here is 
confirmed. Average spine lengths (around 6.5 cm) 
are higher than the values reported by Yeaton et al. 
(1980) at Organ Pipe Cactus National Monument 
(5.76-6.29 cm averages; they list these values, 
presumably erroneously, as mm). Britton and Rose 
(1937, p. 164) identify spines as “often 7 cm long.” 
Variability in length may even be related to rainfall 
during the summer growing season or other factors 
influencing growth and health (Steenbergh and Lowe 
WITTIN. 

Aridity, sunlight and high temperatures promote 
spine growth and coverage (Lewis and Nobel 1977, 
Yeaton et al. 1980, Nobel and Bobich 2002, Majure 
and Ervin 2008, Drezner 2011). Kofa is hotter in 


summer, colder in winter, and drier than the UM site, 
and although not statistically significant, spines are 
longer at Kofa on average. South facing spines are 
similar at both sites, but north-facing spines are 
longer at Kofa (thus closing the N-S gap and yielding 
statistically non-significant results with comparable 
standard deviations) than at the UM site. At the 
UM, plants away from areas with concentrated 
drainage have longer spines, suggesting that longer 
spines are beneficial where less water is available. 
Thus, greater solar exposure promotes longer spines, 
as does reduced available surface moisture, following 
expectations of a species living in the low water, high 
summer temperature conditions found in the desert. 
The more extreme conditions may make spine length 
more consistent at Kofa than at the wetter UM site, 
where N facing spines and spines on plants in runnels 
are significantly shorter. The trend at Kofa is the 
same by direction and runnel access, but the 
difference is smaller and thus not statistically 
significant. Spines may be more important in the 
more extreme site, especially in otherwise less critical 
areas (N side, in runnels). Further, spine direction- 
ality differences would be less important on winter 
nights, providing protection in all directions in the 
colder Kofa. Cacti in colder sites often exhibit greater 
apical spine coverage (Nobel 1980c). 

For clumping, results were significant at both sites 
but reversed. Clumping affects insolation receipt and 
water. Plants in close proximity cast shade, which is 
expected to reduce the need for spine coverage, but 
they increase competition for water (McAuliffe and 
Janzen 1986). At arid Kofa, plants in close proximity 
had longer spines, even with the increase in shade, a 
reflection of the aridity and relative marginality of 
this site. At the UM site, which receives nearly three 
times the amount of rainfall, the clumped plants 
(with increased shading) have shorter spines; the 
greater rainfall at the UM site appears adequate to 
compensate for the effects of intraspecific competi- 
tion for water. Competition for water may reduce 
resource investment into spines (Nobel 1988) or 
alternatively, light limitation in a clumped setting 
reduces the need (or is disadvantageous) for spines 
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that also cast shade. Spines reduce photosynthesis in 
cacti (Nobel et al. 1991). Unclumped plants receive 
more insolation, and they compensate with longer 
spines. 

The observed patterns in spine length suggest that 
where conditions are more extreme (more extreme 
seasonal temperatures, greater aridity), spine length 
increases, reducing photosynthesis and providing 
thermal protection. The more extreme site had more 
even spine lengths to the north and south (for 
example), seen primarily as longer spines in the 
direction away from the sun. At both sites, sun-facing 
spines were still longer, and generally large variability 
in spine length occurs within and across sites. Clumped 
plants that necessarily had increased competition for 
water but also greater shading were split; at the more 
extreme site, greater spine shading occurred where 
water competition was fiercest, while at the less 
extreme UM site, greater shading occurred in associ- 
ation with sunlight rather than water. The ability to 
adapt morphologically to changing conditions con- 
tributes to species success with changing environmen- 
tal conditions. Carnegiea is likely to shift northward 
with warming climate (Rehfeldt et al. 2006) and the 
great variability in spine length, particularly in the two 
populations considered here which are towards the 
northern edge of the species’ modern range, will be 
beneficial for Carnegiea as it adjusts to changing 
conditions. This includes range expansion into previ- 
ously uninhabited areas as its range extends north- 
ward, as well as coping with increasing heat loads. 
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